Introduction
Thermoelectric devices convert wasted heat into electrical energy 1, 2 . However, current thermoelectric devices can only achieve less than 15% of energy efficiency 3 . Much research has aimed at increasing the device efficiency by increasing dimensionless figure of merit of thermoelectric materials 4, 5 , which is described = 2 , where , , and represent Seebeck coefficient, electrical conductivity, and thermal conductivity, respectively 2 . State-of-the-art thermoelectric materials such as Bi2(Te1-xSex)3 alloys have power factors ( 2 ) of up to 5500 W/K 2 ·m and ZT near unity 2, 6 . However, these alloys are expensive, difficult to process and toxic. An alternative approach is to employ organic semiconductors such as conducting polymers as they are inexpensive and easy to process 7 . Conducting polymers such as polypyrrole 8 and perylene-3,4,9,10-tetracarboxylicdianhydride (PTCDA) 9 have comparable electrical conductivities (10 -2 ~ 10 3 S/cm 8, 9 ) to inorganic thermoelectric materials (up to 3200 S/cm for Bi2(Te1-xSex)3 alloys 6 ) but significantly lower Seebeck coefficients (< 15 V/K), which renders power factors up to 22.5 μW/m·K 2 , two orders of magnitude lower than those of Bi2(Te1-xSex)3 alloys 2, 6 . Recently, tuning the hole density in PEDOT:PSS [10] [11] [12] [13] has been shown to enhance the power factor of PEDOT:PSS reaching a power factor of 480 μW/m·K 2 , which makes PEDOT:PSS a promising material to explore for thermoelectric applications. In addition, mixing PEDOT:PSS with inorganic thermoelectric materials such as Te nanowires 14, 15 , and Bi2Te3 nanostructures 16, 17 , and carbon-based nanostructures 18 including graphene 19 , has led to enhanced power factors of varying degrees for the composites. The physical origin for the enhanced power factor in these composites has been attributed to energy dependent charge carrier scattering 15, 16, [20] [21] [22] [23] and modulation doping 15, 16, [24] [25] [26] [27] [28] [29] [30] [31] . Charge carrier filtering 15, 16, [20] [21] [22] [23] (Figure 1a -1b) assumes that the electrons with low energy are more scattered compared to the electrons with high energy, sharpening the effective density of states of the composites, thereby elevating the Seebeck coefficient at the expense of electrical conductivity due to fewer carriers for electrical conduction [24] [25] [26] [27] [28] [29] [30] [31] . When charge carriers encounter an interface, lower energy carriers are scattered more, leading to higher Seebeck coefficient at the expense of reduced electrical conductivity 21, 23 . However, previous research has shown the electrical conductivity and Seebeck coefficient of composites can increase simultaneously, from 1.32 S/cm and 18.9 V/K of PEDOT:PSS to 19.3 S/cm and 163 V/K of the PEDOT:PSS / Te nanowires composite 15 , which does not match with the concept of charge carrier filtering. In addition, modulation doping (Figure 1c -1d) , where charge carriers in a more doped material migrate to adjacent and less doped materials with higher mobility [28] [29] [30] [31] , can increase the electrical conductivity without sacrificing conductive charge carrier density compared to directly doping the material due to reduced ionized impurity scattering. This strategy has been applied to enhance power factor of SixGe1-x alloy composite system with nanoparticles embedded in matrix, where more doped Si or Si70Ge30 nanoparticles provided charge carriers to less doped Si80Ge20 or Si95Ge5 matrix, rendering higher mobility without decreasing the Seebeck coefficient 29, 30 . As a degenerate p-type semiconductor, PEDOT:PSS can function as a modulation-dopant to an undoped semiconductor pair, even though this possibility has never been explored before. In this work, we employ model heterostructures of nanometer-thick PEDOT:PSS deposited on single-crystal Si (001) on sapphire (SOS) to study how the electrical conductivity and Seebeck coefficient change as a function of PEDOT:PSS thickness. Undoped Si (001) was selected due to its wellknown surface chemistry and band structure, and high Seebeck coefficients such as 1.3 mV/K at 10 14 cm -3 of undoped hole density [32] [33] [34] [35] . Six Si thicknesses of SOS (14 nm, 41 nm, 46 nm, 59 nm, 100 nm, and 250 nm) were used and PEDOT:PSS thickness varied from 5 nm to 60 nm. Such heterostructures were found to enhance the Seebeck coefficient and the power factor from those of PEDOT:PSS.
Experimental
Single-crystal silicon (001) on sapphire (SOS) (Precision Micro-Optics) was first cut into 1.0 × 1.0 cm 2 by dicing saw, which was washed by acetone (Sigma Aldrich, 270725, ≥ 99.9 %), isopropanol (Sigma Aldrich, I9030, > 99.0%) and then deionized water (18.2 M·cm). The SOS was immersed subsequently in 1:3 volumetric mixture of hydrogen peroxide (Sigma Aldrich, 349887, 35 wt% aqueous solution) and sulfuric acid (Sigma Aldrich, 258105, 95 -98 %) for 10 minutes to remove surface organic species, which was followed by etching in diluted 4.8 wt% hydrofluoric acid (Sigma Aldrich, 695068, 48 %) for 3 minutes to remove the native oxide. Further oxidation of the etched Si surface was performed with 10 vol% piranha aqueous solution for 5 minutes in order to accommodate the hydrophilicity of PEDOT dispersion and control the morphologies of PEDOT:PSS on Si (001). Water-dispersed, PEDOT:PSS (Clevios PH1000) was mixed to dimethyl sulfoxide (DMSO, Sigma Aldrich, D8418) with 20 to 1 mass ratio by ultrasonication for 15 minutes, which was shown to provide high electrical conductivities up to ~ 10 2 S/cm [36] [37] [38] [39] . The second step involves adding 5 parts of ethanol (200 Proof, Koptec) to 1 part of the polymer dispersion by volume, which was homogenized with horn-ultrasonicator for 5 minutes in order to increase the wettability and thus surface uniformity of PEDOT:PSS films on Si (001). PEDOT:PSS dispersion of 50 L was spin-coated on SOS at 2000 RPM with 180 seconds of dwell time. PEDOT:PSS thickness was further grown by repeating the spin-coating under the same condition mentioned earlier.
Results and discussion
Atomic force microscopy (AFM) was used to reveal and monitor the morphologies of PEDOT:PSS on SOS, which was compared with that of 10-nm-thick PEDOT:PSS deposited on hydrophilic SiO2 glass substrate (VWR, 48366-045) as reference, with RMS roughness of 1.48 nm in Figure 2a . The Si (001) of SOS following the hydrofluoric acid etching was hydrophobic and the deposition of PEDOT:PSS was not uniform (Figure 2d ), which exhibited a markedly different morphology from that found on SiO2 glass, suggesting that PEDOT:PSS on HF-treated Si may not intact. This is further supported by electrical resistivity of the sample represented in Figure 2d is the same as that of bare SOS (4.6  10 3 cm). In contrast, PEDOT:PSS deposited on the Si (001) following the piranha treatment and 10 vol% diluted piranha treatment (with RMS roughness of 1.51 nm and 1.44 nm in Figure 2b -2c) was found to have similar morphologies to that on SiO2 glass, which were attributed to the formation of subnanometer SiOx as revealed by X-ray reflectivity measurements (see Figure S2 in the ESI †). Therefore, the electrical conductivity and Seebeck coefficient measurements were made on the Si (001) following the 10 vol% diluted piranha. Having PEDOT:PSS thicknesses smaller than 80 nm, the electrical conductivities of PEDOT:PSS/Si heterostructures were found to increase while the Seebeck coefficient decreases with increasing PEDOT:PSS thickness at six different Si thicknesses, as shown in Figure 3 . The electrical conductivity of the heterostructure was obtained by normalizing the sheet conductance (decreasing with the combined thickness of PEDOT:PSS and Si shown in Figure S6 in the ESI †) by the combined thickness:
where 1 and 2 represent the thickness of Si and PEDOT:PSS, respectively, and represents the sheet resistance. The electrical conductivity of the heterostructure was higher at smaller thicknesses of Si in SOS for a given PEDOT:PSS thickness, as a consequence of the normalization. The yintercepts of the electrical conductivity values in Figure 3 are positive, but close to 0, indicating only small contribution from the PEDOT:PSS / Si interfacial region to overall electrical conductivity. However, contribution of Si to overall Seebeck coefficient is not small, as will be shown below. The Seebeck coefficient of the heterostructure was found to markedly increase with decreasing PEDOT:PSS thickness, reaching 80 V/K at 6.5 nm of PEDOT:PSS thickness, which is considerably higher than that of PEDOT:PSS. On the other hand, unlike the electrical conductivity trends, no noticeable Please do not adjust margins Please do not adjust margins changes were found for the Seebeck coefficient as a function of Si thickness. It is proposed that the increasing Seebeck coefficient with decreasing PEDOT:PSS thickness can be attributed to modulation doping at the PEDOT:PSS / Si interface. The influence of modulation doping on the electrical conductivity and Seebeck coefficient was numerically assessed using Poisson's equation, where equilibrium band alignment and band bending around the interface was taken into account. Since the transport parameters 36, 40, 41 and work function [42] [43] [44] of PEDOT:PSS are highly dependent on the sample preparation, the work function of a representative PEDOT:PSS sample deposited on SiO2 glass was measured using ultraviolet photoemission spectroscopy (UPS), as shown in Figure 4a . By reading the x-intercept of spectra, the work function was estimated as 5.03 eV. Valence band offset of Si and PEDOT:PSS, as well as the initial Fermi level of the Si determines the charge transfer direction and degree of modulation doping and therefore Seebeck coefficient. Energy levels before Si and PEDOT:PSS are in contact are shown in Figure 4b . According to Anderson's rule 45 , the valence band edge offset can be determined. Upon contact, electrons will transfer from the higher Fermi level material to lower Fermi level side, eventually leading to the alignment of Fermi level on both sides (Figure 4c ). For Si and PEDOT:PSS interface, this means holes transfer from the PEDOT:PSS side to the Si side, consistent with experimental data. Using the electron affinity and band gap of Si and PEDOT:PSS, the valence band edge offset was determined to be 0.111 eV. The simulated band bending at the interface of PEDOT:PSS / Si is shown in Figure  4c . PEDOT:PSS was found to have no band bending in the valence band due to its high hole density while the valence band of Si near the interface shows upward band bending, which results in higher hole density in Si close to the interface. The measured electrical conductivity of PEDOT:PSS, measured work function and other inputs used for Poisson's equation were summarized in Table 1 . The influence of modulation doping by band bending on the electrical conductivity and Seebeck coefficient was further examined. The simulated electrical conductivity and Seebeck coefficient of heterostructures associated with band bending (unbroken lines in Figure 3 ) were obtained by the following formulas, assuming parallel resistors model 46, 47 :
where ( ), ( ), and ( ) are hole density, mobility, and Seebeck coefficient of each position in the PEDOT:PSS / Si heterostructure. When no band bending is assumed at the PEDOT:PSS / Si interface (dashed lines in Figure 3 ), the electrical conductivity and Seebeck coefficient of the heterostructures were estimated by following formulas: ̅( 1 , 2 ) = 1 1 + 2 ( 2 ) 2
where 1 , 1 , and 2 , are Seebeck coefficient and electrical conductivity of Si, and Seebeck coefficient of PEDOT:PSS respectively, and kept constants per no band bending assumption. However, 2 ( 2 ) , electrical conductivity of PEDOT:PSS turned out to be a function of its thickness, even on completely non-semiconducting SiO2 quartz substrate ( Figure S7 in the ESI †), hence this effect was taken into account. Simulated electrical conductivities regardless of assuming band bending agree well with experimental measurements (Figure 3 ), which is in agreement with the lack of band bending in the PEDOT:PSS layer in Figure 4c . Band alignment simulation of the heterostructures with different Si thicknesses consistently shows that transferred holes from PEDOT:PSS into Si mainly stay at the interface (Figure 4c and Figure S10 in the ESI †). As the hole population in undoped Si is typically 6 orders of magnitude smaller than that of PEDOT:PSS 38, 48 , it only minutely contributes to the overall electrical conductivity despite the 4 orders of magnitude higher mobility of Si 38, 40, 48, 49 . Therefore, the electrical conductivity rises as thickness of Si decreases as noncontributing Si far from the interface is removed from the electrical conductivity estimation, as seen in Figure 3 . The slight upshift in the electrical conductivity from without band bending to with band bending (dotted blue lines and unbroken blue lines in Figure 3 ) is a consequence of hole injection from PEDOT:PSS to Si, which elevates the electrical conductivity of Si adjacent to the interface. Although the comparison of electrical conductivity through experiment and simulation validates the parallel resistor model, clearly, the electrical conductivity trends alone could not provide evidence in support of proposed modulation doping at the PEDOT:PSS / Si interface. However, the simulated Seebeck coefficients associated with band bending agree with the experimentally observed enhancement in the Seebeck coefficient with decreasing PEDOT:PSS thickness. In contrast, no increase for the simulated Seebeck coefficient of the heterostructures (black dashed lines in Figure 3 ) was found with decreasing PEDOT:PSS thickness when the band bending was not considered. Therefore, combined experimental and simulated results in Figure 3 support that band bending driven modulation doping is responsible for the enhancement in Seebeck coefficient. Furthermore, when PEDOT:PSS thickness is less than 10 nm, the Seebeck coefficient changes rapidly, because influence of PEDOT:PSS with small Seebeck coefficient quickly overwhelms Seebeck coefficient of modulation-doped Si by its much higher electrical conductivity. Seebeck coefficient trends do not vary upon different Si thicknesses down to 14 nm, and this indicates modulation doping only happens close to the interface. A maximum power factor was achieved in the heterostructure with the smallest PEDOT:PSS and Si thickness: 6.5 nm thick PEDOT:PSS on 14 nm thick Si, as shown in Fig S12. The Seebeck coefficient was increased from 10 μV/K of PEDOT:PSS on SiO2 glass to 73 μV/K of the heterostructure, and the power factor was increased from 1.5 μW/m·K 2 to 26.2 μW/m·K 2 , as shown in Figure 5 .
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Conclusions
In this work, we quantitatively demonstrated that modulation doping at the interface between PEDOT:PSS and Si heterostructure can lead to enhanced Seebeck coefficients and power factor by showing the agreement between the experimental results and simulated thermoelectric properties. Decreasing thickness of PEDOT:PSS can increase the Seebeck coefficient in the expense of electrical conductivity. The power factor was maximized when the thicknesses of both PEDOT:PSS and Si were at their minimum, because Seebeck coefficient is more critical to the power factor than electrical conductivity. Simulated electrical conductivity data with and without equilibrated PEDOT:PSS / Si interfacial band structure agree with experimental electrical conductivities, as the conduction by the modulation doped Si concentrated at the interface only contributes in small portion to the overall electrical conductivity. Simulated Seebeck coefficients obtained from equilibrated PEDOT:PSS / Si interface match well with the experimentally measured Seebeck coefficient, indicating that hole migration to Si is responsible for the enhancement of the Seebeck coefficient. Such information provides mechanistic insights into strategies to increase the power factor of PEDOT:PSS-based composites for thermoelectric applications. Future studies are needed to further explore band alignments and the magnitude of charge transfer at the interface in order to take advantage of the high Seebeck coefficient and mobility from the inorganic semiconductor to enhance the power factor of heterostructure materials. . Error bars represent the standard deviation of at least four measurements. 48 . c) Reported in previous study 52 . d) Difference between Fermi level and valence band maximum were taken from a previous study 53 . e) Calculated from previous study 12 . f) Dependent to thickness (see Figure S7 in the ESI †). g) Reported in previous study 37 .
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Sequence of Thermoelectric Performance Measurements
As PEDOT:PSS is easily damaged upon mechanical contacts, measurements with less contact with samples were conducted earlier. Hence, AFM measurement was conducted first, followed by Seebeck coefficient measurements, 4-point probe electrical conductivity measurements, and PEDOT:PSS thickness measurements.
Seebeck Coefficient Measurements 1
The 
PEDOT:PSS Thickness Measurements with AFM
The thickness of each sample was measured with AFM using a Veeco NanoScope IV. To obtain an estimate of the thickness, 2 lines were scratched onto the sample using a razor blade thereby exposing the substrate underneath. The step heights were measured at each of these scratches ( Figure S2 ), and averaged values were employed as PEDOT:PSS thickness of each sample. Figure S2 . The procedure for thickness measurements using the AFM.
Si and SiO x Thickness Measurements by X-ray Reflectivity (XRR)
Thickness of SiOx layer on Si after oxide strip or generation chemical process, was examined by XRR measurements. Thickness of Si layer on sapphire after thermal oxidation and following HF etching was also determined by XRR measurements. This technique utilizes that the length of interference path depends on incident angle of the electromagnetic wave (X-ray).
Therefore, the intensity of the reflected beam will have periodic rise and fall, imposed by boundary conditions, such as wavelength of the incident beam, densities and thicknesses of the films. Since the wavelength of the beam is fixed at that of Cu K  (0.15418 nm), analysis of the periodic interference pattern measured by XRR informs thickness of the thin film. Beam size was consistently 5  5 mm 2 for all XRR measurements. Figure S3 represents an exemplar XRR pattern of thermally oxidized and then HF etched SOS. 
Effect of Chemical Treatments on Thickness of SiO x on SOS
SiOx on Si is inevitable in order to accommodate PEDOT:PSS on Si surface. On the other hand, SiOx thickness should be minimized since SiOx can complicate analysis and modelling for numerical simulation. Exposing the etched surface to 10 vol% piranha satisfies those two conflicting requirements by creating a hydrophilic surface to deposit PEDOT:PSS (Figure 1c ), as well as generating sub-nanometer thick SiOx layer ( Figure S4 ). 
Thermal Oxidation of SOS for Silicon Thickness Control
Thermal oxidation of SOS was introduced in order to decrease the thickness of the Si layer. It converts Si into SiO2 from the interface with air at certain rate under specific temperature, humidity, and crystalline orientation 2 . SiOx was removed after thermal oxidation with HF etching.
Before thermal oxidation RCA 1 and RCA 2 cleaning procedures were conducted in order to minimize the introduction of metallic elements to Si 2 , which could turn into dopants after thermal oxidation. For this study, we used dry oxidation at 1100 o C for varying time duration for (001) SOS under 40 mL/s of dry oxygen flow, as high temperature at 1100 o C ensures quick oxidation, and dry condition tend to produce atomically flat surface 2 . Figure S5 shows morphology of the resultant SOS after thermal oxidation, and resultant resistivity of thinned down SOS. The thermal growth of SiO2 layer followed established empirical trend 2 , which is summarized at Figure S6 . 
Evolution of Electrical Conductivity and Mobility of PEDOT:PSS on
SiO 2 Quartz by Variation of Thickness
Thickness dependence of electrical conductivity of thin films on insulating substrate is a general phenomenon for various materials [3] [4] [5] . Especially for PEDOT:PSS thin films on various insulating substrates, increase in film thickness accompanies increase in film thickness 6, 7 . Measured electrical conductivity of PEDOT:PSS on SiO2 quartz substrate shares the similar trends for investigated range of thickness (5 -60 nm), as shown in Figure S9 . It should be noted that linear fitting of PEDOT:PSS electrical conductivity evolution does not have theoretical basis so far. This linear fitting was adopted only to provide an estimation of PEDOT:PSS electrical conductivity trend within the researched thickness region in this study. Even though direct measurement of hole density was not possible for PEDOT:PSS with less than m scale, it was still possible to draw hole density from Seebeck coefficient measurement.
Seebeck coefficient of PEDOT:PSS strictly is only affected by hole density, as reported in a previous research 7, 12 .
Combined with constant Seebeck coefficient trend of PEDOT:PSS at Figure S9 , it can be concluded that hole density of PEDOT:PSS stays the same as well. Given that electrical conductivity of PEDOT:PSS depends on thickness, then it is mobility that varies with thickness.
This result was employed as input parameters for Poisson's equation. 
Modeling of the Seebeck Coefficient and Electrical Conductivity with
Band Bending
When band bending is assumed, valence band edge at each position changes, as shown in Figure S11 . The band bending causes different hole density at each position. Therefore hole density at certain position can be converted to electrical conductivity and Seebeck coefficient at corresponding position. Charge scattering mechanism in PEDOT:PSS and Si were regarded the same even after modulation doping, leading to preserved mobility of holes in Si and PEDOT:PSS.
Pisarenko relation of PEDOT:PSS 12 and (001) Si [13] [14] [15] [16] at room temperature were adopted to evaluate Seebeck coefficient at specific hole density. Detailed mathematical expressions are shown below:
1 ( 1 ( )) = 1 ( ) 1 (S9) 2 ( 2 ( )) = 2 ( ) 2 (S10) 
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UV -Vis -NIR Spectra of 6.5 nm PEDOT:PSS, 14 nm SOS, and 6.5 nm
PEDOT:PSS on 14 nm SOS
It has been known that when PEDOT:PSS undergoes doping / dedoping by chemical treatments, such as application of solvents, its transmission pattern changes, as dominant transitions between its subbands alters their probabilities 12 . UV -Vis -NIR was employed to determine if 6.5 nm thick PEDOT:PSS on 14 nm thick SOS and bulk SiO2 exhibits different doping state ( Figure S14 ). Because the absorption is mostly governed by SOS, it is not possible to clarify PEDOT:PSS doping state dependence on substrates. Figure S14 . Transmission spectra at UV-Vis-NIR wavelength region of 14 nm thick SOS, 6.5 nm thick PEDOT:PSS on bulk SiO2, and 6.5 nm thick PEDOT:PSS on 14 nm thick SOS.
Preferred Orientation of PEDOT:PSS
It is very plausible for PEDOT:PSS thin film on Si and SiO2 to have preferred orientations. Adoption of co-solvents, such as ethanol and DMSO so far proved effective to align nanoscale grains of PEDOT favorable for hole conduction [17] [18] [19] , as it realigns to enhance hole hopping rate from PEDOT nanograin to another 17 , thereby improving mobility of holes in PEDOT:PSS. This is another reason why we also adopted mixture of PEDOT:PSS with cosolvents of ethanol and DMSO, in addition to wettability issue on Si surface.
